Oxidative stress plays an important role in the pathogenesis and/ or progression of a variety of diseases including neurodegenerative diseases, ischemia-reperfusion injury in the brain and heart, diabetes, and other aging-related diseases [1] [2] [3] [4] . Superoxide and other reactive oxygen species (ROS) in cells are mainly produced during substrate oxidation by complex I and complex III of the mitochondrial electron transport chain [5] . Under normal conditions, superoxide anion is rapidly dismutated by MnSOD, a nuclear-encoded (Sod2) and mitochondrial matrix-localized antioxidant enzyme that converts superoxide into hydrogen peroxide. Superoxide that escapes removal by MnSOD can react with nitric oxide to form peroxynitrite and lead to further oxidative modification of cellular components. Thus, removal of superoxide by MnSOD is a critical component of cellular antioxidant protection.
Attempts to create mouse models with homozygous deletion of the Sod2 gene have not been successful because Sod2 deletion leads to a lethal phenotype [6] [7] [8] . Although the phenotypic manifestations of Sod2 knockout mice vary with genetic background, no viable siblings survive beyond a few weeks after birth. In contrast, Sod2 +/− mice are viable and do not have a shortened life span [9] . However, Sod2 +/− mice show increased sensitivity to apoptosis, increased oxidative damage, and impaired mitochondrial respiration in various tissues [9] [10] [11] [12] [13] . The lethality of Sod2-null mice may result from severe damage caused by excessive superoxide [10, 11, [14] [15] [16] [17] . Indeed, mouse embryonic fibroblasts (MEFs) from Sod2 −/− mice have elevated cellular superoxide and an abnormal cell cycle compared with wild-type MEFs [18] . The mammalian target of rapamycin (mTOR)-dependent signaling pathway plays a central regulatory role in cell growth and metabolism in response to nutrients, growth factors, cellular energy, and stress [19] [20] [21] . Therefore, it is possible that increased oxidative stress from Sod2 deletion may lead to abnormal mTOR-dependent signaling, thus contributing to the early death of Sod2 −/− mice. It has also been shown that the amino acid response of mTOR complex 1 (mTORC1) is dependent on intracellular Ca 2+ mobilization ([Ca 2+ ] i ) and superoxide generation [22, 23] . Furthermore, the α 1A -adrenergic receptor (Gprotein-coupled receptor) has been shown to activate mTOR signaling via [Ca 2+ ] i mobilization and phosphatidic acid [24] . Therefore, we speculate that changes in superoxide levels in Sod2 −/− mice might also affect Ca 2+ mobilization and its related signaling pathways.
In this study, we examined MEFs cultured from wild-type control and Sod2 −/− mouse embryos to investigate the possible mechanism(s) that might contribute to the early death of Sod2 −/− mice. We found that the 
Materials and methods

Chemicals and antibodies
Hydrogen peroxide, rapamycin, antimycin A, rotenone, bradykinin, and carbonyl cyanide p-(trifluromethoxy)phenylhydrazone (FCCP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The MnSOD mimetic MnTBAP was purchased from Oxis International (Beverly Hills, CA, USA). Antibodies against 4EBP1, S6K1, glycogen synthase kinase-3β (GSK-3β), S6, Akt, and their respective phosphorylated forms were purchased from Cell Signaling (Danvers, MA, USA). Antibody against microtubule-associated protein light chain 3 (LC3) was purchased from Novus (Littleton, CO, USA). Antibodies against MnSOD and CuZnSOD were purchased from Assay Design (Ann Arbor, MI, USA). Antibodies against glutathione peroxidases 1 and 4 (Gpx4, Gpx1), Prdx3, Prdx1, and thioredoxins 1 and 2 (Trx1, Trx2) were purchased from Abcam (Cambridge, MA, USA). Antibodies against mitochondrial complex I 20-kDa subunit and complex III core I subunit were purchased from Invitrogen (Carlsbad, CA, USA). Dihydroethidium (DHE) and fura-2 AM were purchased from Invitrogen.
Cell culture
MEFs were isolated from pregnant mice at day 12 to day 14 postcoitus following standard protocols as described previously [25] . We compared three individual lines of Sod2 −/− and wild-type MEFs, which were maintained in complete Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum at 37°C in a humidified incubator with 5% CO 2 . All experiments were conducted using MEFs within five passages post isolation. Unless otherwise specified, the data were representative of one pair of the wild-type and Sod2 −/− MEFs.
The cell proliferation assay was carried out in 24-well tissue culture plates at an initial plating density of 5 × 10 3 cells per well. Cell number or viability was monitored using the MTT assay (Sigma) following the manufacturer's instructions and cell enumeration using a hemocytometer. Day 0 was designated as the day of initial plating of the cells. Treatment of cells with various reagents was also conducted at day 0 (concentrations used are described in the text and figure legends).
Western blot analysis
Cells were disrupted in RIPA buffer (1× PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) on ice supplemented with inhibitors of protease and phosphatase (Roche, Indianapolis, IN, USA). The supernatant was collected after centrifugation at 4°C, 12,000 g for 10 min. Proteins were separated by SDS-PAGE followed by transfer to nitrocellulose membrane. Target proteins were detected with the following specific monoclonal or polyclonal antibodies: actin, HPRT, Gpx4, Gpx1, SOD2, superoxide dismutase 1 (SOD1), Prdx3, Prdx1, Trx1, Trx2, catalase, mitochondrial complex I 20-kDa subunit, complex III 50-kDa core, 4EBP1, phospho-4EBP1 (Thr37/46), p76SK, phospho-p76SK (Thr389), GSK-3β, phospho-GSK-3β (Ser9), Akt, phospho-Akt (Ser473), S6, phospho-S6 (Ser235/236), and LC3. To compare the band intensity between two groups of cells, the total or phosphorylated proteins were first each normalized to the housekeeping gene β-actin and then compared to each other.
Cell metabolism and mitochondrial function ATP generation in MEFs was analyzed by the luciferase substrate assay (Invitrogen). Briefly, 1-2 × 10 6 cells were washed once with HBSS and suspended in 400 μl of TE buffer (100 mM Tris-Cl, pH 7.5, 4 mM EDTA). The samples were boiled for 3 min and chilled on ice. The supernatant, after centrifugation at 12,000 g for 5 minutes, was used for ATP measurement in a 96-well plate. Oxygen consumption was measured using both the extracellular flux analyzer (Seahorse Bioscience XF24) and the Oxytherm oxygen electrode detection system (Hansatech, Norfolk, UK) following the manufacturers' instructions. Briefly, when the extracellular flux analyzer was used, MEFs were plated 1 day before analysis at a density of 1 × 10 4 cells per well. The sensor plate was incubated the same day with 750 ml calibration buffer at 37°C without CO 2 for 24 h. On the day of analysis, the culture medium was replaced with 700 μl respiration medium and incubated at 37°C without CO 2 for at least 2 h. Before calibration, 75 μl 25 μM FCCP was aliquotted into each chamber in the sensor plate (after sequential injection, the final concentration of FCCP was approximately 2.5, 5, 7.5, and 10 μM). Addition of FCCP uncouples the respiratory chain from ATP synthesis, thereby removing negative feedback and allowing the respiratory chain to work at a maximal rate. Oxygen consumption was measured before FCCP injection and after sequential injection of FCCP. To analyze O 2 consumption using the Oxytherm system, the cells were harvested from near-confluent culture dishes and resuspended in ROS buffer after being washed with 1× PBS. One million cells in a 20-μl volume were aliquotted into the equilibrated preassembled electrode chamber. The rate of O 2 consumption was first measured after adding ADP to a final concentration of 4 mM and then measured after adding FCCP (10 μM final) to completely uncouple the oxidative phosphorylation processes. ] i mobilization was monitored in a fluorimeter (QM-6; Photon Technology International, Birmingham, NJ, USA) using a cuvette with the temperature stabilized at room temperature. The ratio of fluorescence excited at 340 and 380 nm with emission of 510 nm was recorded and used to index the [Ca 2+ ] i change as previously reported [26] .
Transcription quantification by RT-PCR
RNA was isolated from MEFs using TRI reagent (Invitrogen) following the manufacturer's instructions. An equal amount of RNA was reverse-transcribed into cDNA using a RETROscript kit (Ambion, Austin, TX, USA) according to the manufacturer's protocol. The reversetranscribed cDNA was subjected to polymerase chain reaction using the GeneAmp 7700 sequence detection system (Applied Biosystems, Foster City, CA, USA). The reactions were performed with 40 cycles (15 s at 95°C; 1 min at 62°C). Each sample was measured in triplicate.
Quantification was performed according to the manufacturer's suggestions. Actin was used as the reference gene for normalization.
Analysis of ROS content
ROS (superoxide) generation was detected by cytofluorimetric analysis using the fluorescent probe DHE (excitation at 544 nm and emission at 612 nm) at 37°C. Equal numbers of wild-type and MnSODnull cells were incubated with 50 μM DHE for 30 min at 37°C in the dark. After incubation, cells were washed once with 1× PBS and resuspended in 1× PBS. Cells (1× 10 5 ) from each sample were aliquotted into one well of a 96-well plate for fluorescence intensity analysis on a FACSCalibur instrument. Cells without DHE were used as background control.
Analysis of oxidative damage
Oxidative damage of macromolecules in the cell, specifically lipid oxidation, was analyzed as previously described [27] . Briefly, 3-4×10 6 cells were harvested and washed once with 1× PBS buffer. Lipid oxidation was assessed by measuring the content of F 2 -isoprostanes, following the procedure exactly as described by Roberts et al. [28] , which involves lipid extraction with chloroform, thin-layer chromatography purification, and quantification by gas chromatography-mass spectrometric analysis.
Statistical analysis
The results are presented as means ± SEM. Statistical evaluation was conducted by one-or two-way ANOVA, followed by the post hoc Bonferroni test. Differences were considered significant at p b 0.05.
Results
Elevated cellular superoxide and oxidative injury in Sod2
−/− MEFs Mitochondrial superoxide is converted to hydrogen peroxide by MnSOD located in the mitochondrial matrix. It is expected that in the absence of MnSOD, the conversion of superoxide to hydrogen peroxide would be severely impaired in Sod2 −/− MEFs. As shown in MEFs are more susceptible to the oxidative damage induced by increased superoxide generation in response to rotenone and antimycin A.
Expression of antioxidative stress proteins in Sod2 −/− MEFs MnSOD deletion and enhanced superoxide levels in Sod2 −/− MEFs may be compensated for by alterations in other antioxidative stress mechanisms [11, 30] . We thus examined the expression of several known antioxidative stress enzymes, including catalase, Gpx1, Gpx4, Prdx1, Prdx3, Trx1, Trx2, and SOD1 in Sod2 −/− MEFs. As indicated in Fig. 2A , no significant changes in protein expression of catalase, Gpx1, Gpx4, Trx1, Trx2, Prdx1, or SOD1 were seen in Sod2 −/− MEFs compared with wild-type controls. However, the expression of Prdx3, an important enzyme in the mitochondria that detoxifies hydrogen peroxide, was dramatically reduced (N70% reduction). The expression of Prdx3 was not due to reduced transcription because no changes in mRNA were detected in Sod2 −/− MEFs (Fig. 2B) . Furthermore, no significant changes were detected in subunits of two mitochondrial respiratory complexes, complexes I and III.
Reduced proliferation and impaired mitochondrial function in Sod2 Therefore, deletion of superoxide dismutase, which leads to the increase in ROS, could affect calcium flux and signaling. It has been previously shown that the Sod1 mutant SOD1(G93A) perturbs Ca 2+ homeostasis and is associated with amyotrophic lateral sclerosis in mice [32] . Whether MnSOD deficiency (Sod2 ] i mobilization in a different manner [26, 33, 34] , suggesting that MnSOD deficiency has a profound effect on Ca 2+ homeostasis.
Abnormal mTOR signaling in Sod2
−/− MEFs
The mTOR signaling pathway serves as a central regulator for cell growth and stress response. Aberrant mitochondrial function and disturbance of ROS generation may affect multiple cellular signaling pathways and cell growth [35] . Furthermore, aberrant Ca 2+ homeostasis could also affect mTOR signaling because Ca 2+ mediates the mTORC1 response to amino acids [23] . We analyzed the mTOR signaling pathway in Sod2 −/− MEFs by examining the phosphorylation of proteins up-and downstream of mTOR. Akt, which is activated after phosphorylation, is an upstream regulator responsible for the activation of mTOR and the inactivation of GSK-3 signaling by insulin and insulin-like growth factor-1 [36] . We first detected significantly reduced phosphorylation of Akt (Ser473) in Sod2 −/− MEFs despite a similar level of total Akt protein found in wild-type cells (Fig. 5A ).
Reduced Akt phosphorylation/activation may be responsible for the decreased mTOR signaling, as indicated by down-regulation of the phosphorylation of mTOR downstream target proteins, including 4EBP1 (Thr37/46), S6K1 (Thr389), and S6 (Ser235/236) (Fig. 5B) . Interestingly, in parallel to the decreased mTOR signaling found in Sod2 −/− MEFs, phosphorylation of GSK-3β (Ser9), another downstream target of Akt, was also reduced in Sod2 −/− MEFs (Fig. 5C) . A reduction in both mTOR signaling and GSK-3β phosphorylation could be partially responsible for the slow proliferation observed in Sod2 −/− MEFs (Fig. 3A) .
It is noteworthy that in MEFs isolated from Sod2
−/− , 4EBP1 mRNA and total protein levels were significantly increased by 30% over control MEFs (Fig. 5D ). No significant difference in total protein was observed for other proteins, including S6K1, S6, and GSK-3β comparing Sod2 −/− MEFs and wild-type control cells.
In addition to the targets described above, reduced mTOR signaling may also impact autophagic flux in Sod2 −/− MEFs. Currently, the widely accepted approach to measuring autophagic activity in cells is to monitor the modification of microtubule-associated protein LC3, i.e., the conversion of LC3-I to LC3-II or the ratio of LC3-II/LC3-I [37] . As shown in Fig. 5E , the LC3-II/LC3-I ratio increased significanctly in Sod2 −/− MEFs, indicating enhanced autophagy activity. The aberrant autophagic activity may reinforce the inhibitory action of reduced mTOR signaling on cell proliferation and may contribute to the early death of Sod2 −/− mice.
MnSOD mimetic does not improve the proliferation or survival of Sod2
−/− MEF MnTBAP, a chemical that mimics MnSOD function in converting superoxide to hydrogen peroxide, has been shown to protect cells and animals from oxidative damage [38] [39] [40] [41] . We therefore tested whether MnTBAP could reverse the abnormalities found in signal transduction and proliferation of Sod2 phosphorylated 4EBP1 to levels that were equivalent to or even higher than those observed in control Sod2 −/− MEFs, without affecting the total 4EBP1 protein (Fig. 6A) . In parallel, the same treatment with MnTBAP also increased the phosphorylated S6K1 and S6 content in Sod2 −/− MEFs (data not shown). In contrast, MnTBAP at similar concentrations did not alter the phosphorylation of 4EBP1 significantly in wild-type cells, indicating a signaling response different from that in Sod2 −/− MEFs.
Next, we tested whether partial restoration of the abnormal mTOR signaling pathway by MnTBAP in Sod2 −/− MEFs would improve cell proliferation or survival. As shown in Fig. 6B , MnTBAP at 400 μM failed to increase the proliferation of Sod2 −/− MEFs to the level of wild-type control MEFs after 5 days of incubation (Fig. 6B ).
Discussion
MnSOD is one of the primary antioxidant enzymes found in mitochondria and has been targeted for studying the role of oxidative stress in aging. Homozygous deletion of Sod2 is neonatal lethal in mice, whereas heterozygous Sod2 (Sod2 +/− ) mice develop normally and are not short-lived [6] [7] [8] 14] . However, Sod2 +/− mice have increased oxidative stress and oxidative damage in various tissues, have alterations in mitochondrial function and apoptosis, and have a higher incidence of tumorigenesis [9] [10] [11] [12] 42] . The dramatic impact of the Sod2 homozygous deletion on mouse development demonstrates the importance of the antioxidant defense system for animal development and survival. However, its role in aging is not clear [43] [44] [45] . Excessive cellular reactive oxygen species have been shown to oxidize macromolecules (DNA, protein, and lipids), to alter redox balance, to alter cell growth and differentiation, and to accelerate the induction of cell death or necrosis [46] . Although, Sod2 −/− mice have a lethal phenotype, Sod2 −/− cells have been isolated and are viable [12, 14] . Sod2 −/− MEFs were previously demonstrated to have delayed proliferation with an abnormal regulation of the cell cycle, although prolonged incubation seems to increase the proliferation rate, which may be due to transformation as we have observed a similar phenomenon [18] .
In this study, we demonstrated that MEFs isolated from Sod2 that Prdx3 can be oxidatively inactivated, thus leading to accelerated degradation [47] . Prdx3 can also be transcriptionally regulated by the FoxO3a transcriptional factor, which can be activated by oxidative stress [48] . Another mechanism may involve translational suppression due to the decrease in mTOR signaling as observed in this study. However, we did not detect significant changes in Prdx3 transcription in Sod2
MEFs, suggesting the reduction in Prdx3 protein is not due to transcriptional regulation. Therefore, the reduction in Prdx3 protein in Sod2 −/− MEFs is probably due to posttranscriptional regulation. Further published data using chicken cells depleted of MnSOD [49] . However, other studies demonstrated that overexpression of MnSOD delayed cell cycle in hepatocytes and enhanced G2-phase accumulation in oral squamous carcinoma cells [50, 51] . These seemingly contradictory findings that both deletion of and overexpression of MnSOD reduces cell proliferation suggest a fine-tuning of the redox balance in mitochondria. Either more or less MnSOD expression probably tips the balance of the redox status inside the cell and consequently affects cell cycle and proliferation. We propose that the Sod2 −/− cells may provide an excellent model to investigate the mechanism by which endogenous ROS affect cell signaling pathways. Fig. 7 represents a simplified diagram of the signaling pathways that could interact with one another and are affected in Sod2 −/− MEFs. In this study, we demonstrated that the loss of Sod2 indeed alters several growth signaling pathways, including the mTOR and GSK-3β signaling. Sod2 −/− cells have reduced levels of phosphorylation of mTOR downstream proteins including 4EBP1, S6K1, and S6. In addition, the level of total 4EBP1 protein was significantly increased in Sod2 −/− cells. However, no significant changes in protein expression were observed for S6K1, S6, and Akt. The combination of hypophosphorylation and an increased expression of 4EBP1 (which is an inhibitory factor for protein translation) may greatly reduce cell proliferation. In contrast, the growth inhibitory signaling pathway of GSK-3β was enhanced in Sod2 −/− cells, as indicated by the hypophosphorylation of GSK-3β at Ser9, the inhibitory site targeted by several protein kinases including Akt, S6K1, and p90Rsk. GSK-3 is active in quiescent cells and kept inactive in proliferative cells [52] . Thus, the hypophosphorylation of GSK-3 may contribute to the maintenance of Sod2 −/− cells in a quiescent stage as demonstrated by Sarsour et al. [18] .
Therefore, the combination of decreased mTOR signaling and increased GSK-3β activity could contribute to the reduced proliferation found in Sod2 −/− cells. Furthermore, Sod2 −/− cells show an increased basal level of autophagic activity, as indicated by a higher ratio of LC3B-II/LC3B-I, possibly a result of the reduction in mTOR signaling and the increase in oxidative stress, both of which have been demonstrated to induce autophagy [53, 54] . The increase in autophagy may not be beneficial to the cells, as has been demonstrated, and may even contribute to cell death [55] . Furthermore, we demonstrated that Sod2 −/− cells exhibit a significant reduction in calcium mobilization. Using bradykinin, the Gcoupled-protein kinase inhibitor that requires calcium mobilization, we found that calcium mobilization in the Sod2 −/− cells was significantly reduced compared to the wild-type control cells. This reduction in calcium mobilization may have multiple implications. First, it may inhibit the response of mTOR signaling to amino acids, which requires participation of calcium [23, 24] . Second, it also may inhibit many other signaling pathways that require calcium [56, 57] . It has been proposed that mitochondrial ROS generation and calcium mobilization/signaling interact with each other [31, 58, 59] . Therefore, the deletion of MnSOD, the major mitochondrial superoxide detoxification enzyme, will probably have an impact on calcium mobilization from mitochondria and may further affect calcium-related signaling in the cytosol. We also tested the ability of the SOD mimetic MnTBAP to rescue the slow growth of Sod2 −/− cells. Addition of MnTBAP partially restored the phosphorylation of 4EBP1. However, its presence failed to restore the growth or the survival of Sod2 −/− MEFs to a level comparable to that of wild-type MEFs. This may indicate that the molecular changes in Sod2 −/− cells are so profound that their growth cannot be rescued by just simply restoring antioxidative stress capacity. Furthermore, our study does not exclude the possibility that MnTBAP may not reach the mitochondria, where most of the oxidative damage is possibly localized because of the loss of MnSOD in mitochondria. However, because MnTBAP is membrane permeative and the incubation time in this study was long enough, it is unlikely that MnTBAP did not reach the mitochondria. Furthermore, MnTBAP demonstrated an effect on the reduction in ROS levels in our experiment (data not shown). Therefore, the efficacy of MnTBAP is not a question in our experimental system. The difference between our data and the in vivo data reported by Melov et al. may reflect the difference between an isolated cell system and the whole organism [39] . The discrepancy between the survival of the whole organism and individual cells in culture has also been demonstrated in another animal model in which Sod1 −/− fibroblasts were shown to be difficult to cultivate under a variety of conditions, whereas the Sod1 −/− mice developed normally and can survive up to 20 months of age [14] . Nonetheless, the Sod2 −/− cells could serve as a useful in vitro model to screen antioxidants or other pharmaceutical reagents. Our study demonstrates that perturbation of intracellular ROS generation could have a profound effect on cell growth, including the inhibition of the mTOR signaling pathway and the activation of the GSK-3β signaling in Sod2 −/− cells. However, this study does not exclude the participation of other growth signaling pathways, because of the complexity of the effect of ROS on cell signaling [60, 61] . Several questions remain to be addressed. The mechanism by which ROS or oxidative stress affects mTOR signaling is not clearly understood.
Whether ROS regulate mTOR signaling directly or via other mediators needs further investigation. Previous studies demonstrated that ROS may affect cell signaling through transcriptional regulation via transcription factors including NF-κB and HIF (hypoxia-inducing factor) [62] . In our study, the increase in 4EBP1 protein expression in Sod2
−/− cells may be a result of such transcriptional activity. However, the possibility of posttranscriptional regulation including inhibition of protein degradation cannot be excluded. A recent study demonstrated that FoxO1 regulated degradation of mTOR components including mTOR, raptor, TSC2, and S6K1, indicating another level of posttranscriptional regulation of the activity of mTOR signaling [63] . Finally, ROS can also directly modulate the enzymatic activities of protein kinases and phosphatases via oxidation-reduction of certain amino acids [62, 64, 65] . Therefore, it is possible that the activity of different enzymes found in the mTOR pathway also may be directly modulated by ROS.
In this study, we also compared growth signaling pathways from various tissues between Sod2 +/− and wild-type control mice and did not observe any significant differences (data not shown), suggesting that the level of MnSOD expression is critical for the changes in growth signaling and that MnSOD expression may play an important role in determining the outcome of animal development. Therefore, the dramatic alteration in growth signaling in Sod2 −/− cells could provide an explanation of why Sod2 −/− mice could not develop normally and survive.
In conclusion, our study demonstrates a likely association between mitochondrial redox regulation and growth signaling. Perturbation of the mitochondrial ROS balance may have a profound effect on cellular signaling and thus on whole animal development.
